ABSTRACT: Amorphous molybdenum sulfide (MoS x ) is a potent catalyst for the hydrogen evolution reaction (HER S y elimination channels was observed, giving insight into the structural flexibility of the clusters. In particular, it was calculated that the observed clusters tend to keep the Mo 3 ring structure found in the bulk and that protons adsorb primarily on terminal disulfide units of the cluster. Mo−H bonds are formed only for quasi-linear species with Mo centers featuring empty coordination sites. Protonation leads to increased cluster stability against CID. The rich variety of CID dissociation products for the triply protonated [H 3 Mo 3 S 13 ] + ion, however, suggests that it has a large degree of structural flexibility, with roaming H/SH moieties, which could be a key feature of MoS x to facilitate HER catalysis via a Volmer−Heyrovsky mechanism.
■ INTRODUCTION
Molybdenum sulfide (MoS 2 ) based catalysts have the potential to replace platinum as a hydrogen evolution catalyst in electrochemical water splitting. 1 The material is also discussed as a catalyst for methanol synthesis from carbon dioxide and hydrogen. 2 A comparison of a number of state-of-the-art molybdenum sulfide catalysts in their performance on electrochemical hydrogen evolution reaction (HER) shows that the total electrochemical activity is primarily determined by the number of active sites per geometric electrode area. 3 Briefly, the HER is a multistep electrochemical process, which takes places either via the Volmer−Heyrovsky or via the Volmer−Tafel reaction mechanism. 3, 4 For both mechanisms, hydrogen adsorption and desorption are key reaction steps. 4 The physicochemical quantity associated with this process is the change of free energy for hydrogen adsorption on the catalyst (ΔG H ) that, according to the Sabatier principle, should ideally be ΔG H = 0. 3−5 Amorphous MoS x shows HER activity comparable to noble metals, yet mechanistic investigations of this catalyst are particularly difficult. The actual mechanism of H 2 formation is therefore still a matter of debate. 6 2− have been reported as scalable, very stable HER electrocatalysts with extremely high activity, which can be deposited onto any support by drop-casting. 9, 10 Electrochemical water splitting in acidic electrolytes and photoelectrochemical (PEC) cells have been described as possible applications of such cathodes. 3, 11 Lee et al. suggest that bridging S atoms are the active HER sites in the case of thiomolybdate clusters. 12 Recently, homogeneous photocatalytic HER activity of thiomolybdate [Mo 3 S 13 ] 2− was reported. 13 In a subsequent study, it was shown that under catalytic conditions, terminal disulfide ligands exchange with solvent (H 2 O) over time and influence the catalytic activity. 14 In particular, partial exchange of terminal d i s u l fi d e s ( S 2 2 − ) w i t h a q u a l i g a n d s l e a d s t o [Mo 3 S (13-x) (H 2 O) x ] (x-2)+ (x = 2, 4) which could be identified as the most active catalytic species in solution. 14 Small charged and neutral molybdenum sulfide clusters have also been studied Special Issue: Hans-Joachim Freund and Joachim Sauer Festschrift both experimentally 15−17 and theoretically 18−23 to understand their catalytic properties. Further insight can also be gained by investigating the surface chemistry of molybdenum sulfide 24 and chemically similar systems, e.g., molybdenum oxides 25−29 or molybdenum-doped clusters. 30 
■ EXPERIMENTAL METHODS
Experiments were performed in ultrahigh vacuum (p ≈ 10 −9 mbar) on a Bruker Apex Qe FT-ICR MS equipped with a combined electrospray ionization (ESI), matrix assisted laser desorption ionization (MALDI) Apollo II Dual ESI/MALDI Source ion source and a 9.4 T superconducting magnet as described previously. 47 The ions are guided through a hexapole trap and a quadrupole mass filter to a hexapole collision cell where they are kinetically accelerated and undergo collision induced dissociation (CID) with the buffer gas. For highresolution mass analysis, the ions are electrostatically transferred to the ICR cell. Electrospray ionization (ESI) of a 0. 13 After accumulation in the first hexapole, the ions of interest are preselected via the quadrupole mass filter and transferred to the second hexapole trap, which serves as a collision cell. The cell is filled with argon (99.999%) at a pressure in the range of 10
mbar, trapping time is 1 s. The collision cell hexapole bias voltage V c correlates with the center-of-mass collision energy of the trapped ions with the background gas. When V c is sufficiently high, the trapped ions start to fragment due to CID. The fragments are then cooled and trapped by subsequent collisions with argon and finally transferred to the ICR cell where their mass spectrum is acquired. Recording mass spectra at different collision voltages V c yields the breakdown curves of the ion of interest with respect to V c .
Isotopically was added. The closed vial was kept at 90°C for 5 days with slow stirring and then cooled to room temperature. The reaction mixture was centrifuged (2 min at 4100 rpm) and the supernatant discarded. The crude product was successively washed with ice-cold water (3 × 20 mL), ethanol (2 × 15 mL), carbon disulfide (10 mL) and tert-butyl methyl ether (2 × 10 mL). The identity of the product was confirmed by X-ray powder-diffraction and Raman spectroscopy.
■ COMPUTATIONAL METHODS
To analyze the properties of the observed ions, we used density functional theory (DFT). Structures were optimized at the B3LYP/def2TZVP level, the ωB97XD functional 51 with the same basis set was then used to calculate single-point energies in the optimized structures as this functional was shown to provide more reliable results for second-row transition metals than B3LYP. 52 Then, we reoptimized the 80 most important structures (as discussed further in the text) using the ωB97XD functional. Both structure and relative energies were only mildly influenced by the reoptimization, with an average difference in absolute isomer energies of 0.02 eV and only one energy difference exceeding 0.05 eV, see Table S2 in the Supporting Information. The zero-point energy correction is included in all reported energies. The Gaussian program was used for all calculations. 53 The size of the investigated systems and their complicated electronic structure prohibit us from using more elaborate approaches for structure optimization, e.g. genetic algorithms. 54 Also, not only the most stable structures are of interest here. Therefore, we investigated a large variety of bonding patterns using chemical intuition, with more than 600 different structures for 30 ions, in order to document the most important patterns in molybdenum sulfide cluster chemistry. In particular, we included structures with both cyclic and open (quasilinear) Mo 3 moieties with various configurations of sulfur bridges and terminal groups (S or S 2 ). For fragment structures, we considered both configurations with symmetrically distributed sulfur atoms among Mo atoms as well as structures created through a direct removal of, e.g., a S 2 unit from the respective larger ion. Structures with hydrogen atoms were generated from the respective non-hydrogenated structures by adding hydrogen atoms on various sulfur atoms (terminal, bridging, apical). Finally, the formation of Mo−H bonds was also considered. Only selected ions are shown in the manuscript, all calculated structures are included in the Supporting Information.
The two lowest spin multiplicities were considered for each structure (i.e., singlet/triplet or doublet/quartet); for several structures, also higher spin multiplicities were tested to confirm that the corresponding states are less stable (see Supporting Information). The stability of the wave function was tested for all calculations with both B3LYP and ωB97XD functionals. Vibrational frequencies were calculated to verify that all calculated structures are local minima. Bond analysis was performed within the natural bond orbital (NBO) scheme 55 as implemented in the Gaussian program, charges were calculated with the charges from electrostatic potentials using a grid-based method (CHELPG), 56 with the atomic radius of Mo chosen to be 2.45 Å. − . It would be expected that singly charged product ions show up in pairs, though here only the heavier counterparts were detected. A possible explanation is that due to the Coulomb explosion following charge separation, 57 the lighter fragments obtain reaches a maximum at V c = 11 V, where some 60% of the ions are fragmented. This is probably an artifact caused by the loss of some heavy fragment ions following Coulomb explosion. Even at the highest collision voltages, a significant fraction of the parent ions stays intact, which we attribute to space charge effects due to a large number of trapped ions in the collision cell.
The most stable calculated structure of [Mo 3 S 13 ] 2− (Ia, see Figure 2 ) resembles the one that has been determined for this species by X-ray diffraction in the solid state, 9,58 with a Mo 3 ring and three distinct sulfur groups−three terminal S 2 , three bridging S 2 and one apical S. The Mo−Mo interaction, with a bond length of 2.71 Å (compared to ∼2.7 Å encountered in bulk 6 ), has a bonding character, as analyzed within the NBO scheme. CHELPG charge analysis shows that Mo centers are positively charged (+0.69 |e|) while terminal S 2 groups are the most negatively charged ones (−0.83 |e|/S 2 ), followed by the apical S (−0.38 |e|) and bridging S 2 (−0.39 |e|/S 2 ) units.
In higher lying local minima, the central Mo 3 ring is open. Either a quasi-linear Mo−Mo−Mo motif (Id) or two clearly separated Mo 2 and Mo units (Ib,c) can be formed. These structures are, however, less stable by about 1 eV (see Figure 2 and Supporting Information). According to the NBO analysis, a bonding interaction is only present within one Mo−Mo pair for isomers Ib−Id. These isomers have also the tendency to form S 2 units, charge distribution is however more even compared to The calculated dissociation energies of [Mo 3 S 13 ] 2− are summarized in Table 1 for the most relevant dissociation channels, as obtained for the most stable products at infinite separation. For neutral loss channels, this represents the lower limit for the activation barrier. For charge separation channels, where two singly charged ions are formed, the reverse Coulomb barrier must be added. As a rough estimate, we can take the interaction energy of two elementary charges at the cluster radius of 3.5 Å, which amounts to 4.1 eV. However, interaction with a positive charge center, in particular in a salt-bridge arrangement, 59 may lower the Coulomb barrier. With and without charge separation, the reorganization energy between the structures present immediately after dissociation and the lowest-energy product structures may significantly increase the barrier for dissociation, as discussed in detail below.
For S 2 evaporation, our calculations predict a relatively low dissociation energy of ∼1.5 eV. This energy is reached when the resulting [Mo 3 S 11 ]
2− cluster is allowed to relax to the most stable structure found, isomer IIa, with two bridging S units (instead of S 2 bridging groups in Ia) and regenerated terminal S 2 units. Immediately after dissociation, structures of higher energy might be expected (e.g., IId,e). The structure with a quasi-linear Mo− Mo−Mo motif (IIb) is calculated to be almost isoenergetic with respect to the one with a Mo 3 ring (within ∼0.1 eV) due to the favorable bond arrangement with five Mo−S bonds formed per Mo atom. Isomer IIb is also more stable than the structure with a Mo 3 ring before a considerable cluster reconstruction takes place − . Here, the closed structure Vb with a Mo 3 ring is however close in energy to quasi-linear ones Va,c, as already discussed elsewhere. 21 As can be seen in Table 1 − dissociation channel is observed at very low voltages in the experiment. Since S 3 − loss has a very low-lying asymptote of only 0.12 eV, it is more plausible than sequential loss of S 2 − + S. Formation of the low-energy product species is expected to demand significant reorganization, and the low overall activation barrier requires a specific arrangement of partial charges preceding Coulomb explosion. Both processes require the passage of tight transition states, which explains the small branching ratio of the [ − is shown in Figure 1b . All combinations of H x S y elimination (with x = 0,1 and y = 2−6) are observed, with the [S 2 ] and [S 4 ] dissociation channels being the most efficient ones. According to their appearance energies, the fragments can be split up into three groups, in each of which the fragment intensities increase in a parallel manner. Thio-oxospecies appear only at high collision voltages (V c > 30 V) and their relative intensity stays below 0.2% (see Figure S1) . Again, about 40% of the parent ion remains intact.
As could be expected from the charge analysis of isomer Ia discussed above, our calculations predict that the [Mo 3 S 13 ] 2− ion preferentially binds a proton on a terminal S 2 group, forming isomer Xa (Figure 3) . The difference between protonation of the first and the second S atom of the terminal S 2 group is ∼0.1 eV (see Supporting Information). If H + is bound to the apical S (Xc) or bridging S 2 (Xd) units, the resulting species lie more than 1.2 eV higher in energy, reflecting the lower negative charge calculated for these groups. Two remaining terminal S 2 units in isomer Xa are still the most negatively charged ones, with about −0.6 |e| (calculated using the CHELPG scheme), being thus − complex and of fragments formed during its dissociation along with their relative energies (in eV); calculated at the ωB97XD/def2TZVP level of theory. All structures have the lowest spin multiplicity, i.e., singlet or doublet. − ion (XVIa) because of an exposed Mo atom in the quasi-linear structure (XVId). This ion is also a suitable candidate to investigate the probability of proton adsorption on a Mo atom. As can be seen in Figure 3 , a structure with a Mo−H bond on a Mo 3 ring (XVIb) lies ∼0.8 eV higher in energy than the analogous one with a S−H bond (XVIa). For the linear structure with an unsaturated Mo atom, the proton adsorbs preferentially on the Mo atom (XVIc), with an energy difference of 0.9 eV with respect to the structure with an S−H bond (XVId). The Mo−H bond is thus, as expected, preferred only for an unsaturated Mo atom. + , three fragmentation groups can be distinguished, in each of which the fragment intensities increase in a parallel manner. In Figure 1c , the breakdown curves yielding pure thiomolybdates [H x Mo 3 S y ] + are shown. A complete representation of the fragmentation curves, including the reaction channels producing thio-oxo-molybdates [H x Mo 3 S y O z ] + , is provided in Figure S2 in the Supporting Information. In Figure 4 , the sum intensities of all pure thiomolybdate [H x Mo 3 S y ] + and thio-oxo-molybdate
+ species are shown. Considerable reactivity toward water is observed, especially for high collision energies (V c > 22 V), indicating a relatively high reaction barrier with H 2 O. The maximum thiomolybdate fragmentation ratio approaches 80% at V c ≈ 24 V. At V c = 35 V, only 60% of the fragment ions are pure thiomolybdate and the remaining 40% are thio-oxo-molybdate species, produced by reactive collisions with water.
As described above for the unprotonated and singly protonated clusters, the elimination of one S 2 is the first + cation, the ring structure with one proton on each S 2 terminal group (XVIIa) was predicted to be the most stable one. An open structure with three protons, XVIIf, also tends to distribute the three H + among S 2 groups, lies however ∼2.7 eV higher in energy.
The predicted structure of isomer XVIIa indicates that [HS 2 ] and [HS] should be the only low-lying dissociation channels. However, the [S 2 ] and [H 2 S] dissociation channels are also seen in the experiment. Calculated structures with a proton transferred to another S or S 2 units (e.g., XVIIb-d) lie however higher in energy and cannot be expected to be formed in a considerable amount in the experiment before voltage is applied. Therefore, we conclude that terminal S 2 and H 2 S moieties are formed on the cluster during the CID process. When energy is provided to the cluster, its structural flexibility is enhanced, and a proton might roam along the cluster (forming e.g. isomers XVIIb-d), making both S 2 and H 2 S dissociation possible. The energy of these structures lies below the HS 2 dissociation energy of ∼2.1 eV (see Figure 5 and Table 1) . Alternatively, an SH group might move along the cluster, reaching e.g. structures XVIIe,g. Then, SH and H might recombine and form a considerably stable H 2 S molecule.
The calculated dissociation energies collected in Table 1 2− clusters deposited on carbon nanotubes were interpreted in terms of preferential loss of the apical S atom, followed by bridging disulfide units. 12 This is at odds with our present results. We never observe the loss of a single S atom in our experiments, ruling out loss of the apical S atom. In addition, the suggested lowest-energy pathway for [S 3 ] loss, observed for [HMo 3 S 13 ]
− , does not involve the apical S atom. The question whether terminal or bridging S 2 units are preferentially lost, however, is more complex. As discussed above, the initial loss of a terminal S 2 is probably followed by significant reorganization, with a bridging S 2 unit replacing the original terminal one in, e.g., structure IIe. This structure may relax further to IId, which contains a terminal as well as a bridging S ligand. Further rearrangement is required to reach the lowest energy configuration IIa of [Mo 3 S 11 ] 2− , which features two bridging S atoms.
More important, however, may be the result that the ringopened structures Ib, Ic, and Id lie within 1 eV of the lowest energy structure and well below all dissociation channels. In catalysis studies involving [Mo 3 2− or MoS x takes place via "metal-centered" or "sulfur-centered" reaction pathways, 6 the results presented in this study thus favor the sulfurcentered route. However, we are aware of the fact that the species investigated here only address the point of protonation of [Mo 3 S 13 ] 2− while HER also involves the transfer of electrons to the cluster. Whether reduced Mo 3 species also preferentially bind H + to terminal disulfide ligands is thus an important question, which deserves further attention. + complex and of fragments formed during its dissociation along with their relative energies (in eV); calculated at the ωB97XD/def2TZVP level of theory. All structures have the lowest spin multiplicity, i.e., singlet or doublet, unless shown otherwise. The Journal of Physical Chemistry C Article
